Introduction
[2] Hotspot volcanism, which occurs remotely from plate boundaries, calls for explanations that either invoke rising plumes of hot mantle, originating in the lower mantle [Wilson, 1963; Morgan, 1971] , or processes that interplay within the framework of plate tectonics [Anderson, 2001; Foulger and Natland, 2003] . Morgan [1978] opened Pandora's box by suggesting multiple origins for hotspot volcanism, and advocated a role for lithosphere cracks in particular [Anderson, 2000] . Many catalogues followed, which categorized postulated hotspots based on multiple criteria [e.g., Sleep, 1990; Courtillot et al., 2003; Montelli et al., 2006] (Anderson, www.mantleplumes.org) . Most frustrating is the fact that the current blindness of seismic tomography to plume-scale structures precludes definitive tomographic assessment of a deep origin for hotspots [Ritsema and Allen, 2003 ]. In addition, the transient nature of hotspot dynamics echoes the possibility that multiple geometries and pathways for plumes may be found at a given time [Kumagai et al., 2008] . This leaves open the possibility that hotspot volcanism may be attached to shallow plumes that also obey plume theory.
[3] Both deep-plume and shallow-tectonic mechanisms may be modified by background flow patterns, but in different ways. For example, rising plumes may have their upward path deflected by the background global mantle flow [e.g., Tarduno et al., 2003] . Tectonic explanations generally require lithospheric stresses, which are influenced by stresses from mantle flow, to be tensile enough to permit surface eruption of sub-lithospheric melts [e.g., Anderson, 2000] . Earth-like mantle flow models yield predictions of the stress field within the Earth that allow us to test these hypotheses. Steinberger et al. [2001] showed that hotspots are preferentially found where tensile stresses are found; herein we use the horizontal divergence of the sub-lithospheric stress field as a proxy to express the upwelling or downwelling vigor of the underlying flow, and to explore the interplay between mantle flow and hotspot volcanism. We do not track plumes in seismic tomography, but rather explore how mantle flow may or may not help to convey plumes.
Matching Hotspots With Mantle Flow
[4] We build upon the model results of Conrad and Behn [2010] , who compute the lithospheric tractions beneath the lithosphere (Figure 1a ) using the finite element code CitcomS [Zhong et al., 2000] . Mantle flow is excited by density heterogeneities inferred from seismic tomography [Ritsema et al., 2004] . This tomography model expresses heterogeneity only up to spherical harmonic degree 20, which means that density structures with wavelengths shorter than about 1000 km are excluded or smoothed. As plume conduits are thought to be significantly narrower, upwellings in our flow model are not driven by the plumes themselves. The viscosity structure decomposes into a lower and an upper mantle, an asthenosphere and a lithosphere of variable thickness (see Conrad and Behn [2010] for details). No-slip is imposed at the surface and free slip at the core-mantle boundary. The flow and viscosity fields yield the stress field, including the horizontal shear traction beneath the rigid lithosphere, from which we compute the divergence. We exclude density anomalies shallower than 300 km primarily because seismic anomalies do not convert directly into density anomalies at those depths [e.g., Jordan, 1975] ; this choice allows us to exclude shallow processes, including those associated with subsurface circulation. Finally, the flow model excludes plate motions that shear the upper surface of the mantle (as in Conrad and Behn [2010] or Husson et al. [2012] ). This choice allows us to match hotspot locations with the vigor of buoyancy-driven mantle convection and not the effects of plate divergence.
[ their upper mantle and mid mantle lists on the other (8 values), which are based on the geometries of the P-and S-wave anomalies beneath hotspots. We subsequently compare these collections, hereafter referred to as A, C1, C2, M1 and M2, with the divergence of the sub-lithospheric shear stress field (Figure 1 -note that on these maps, shear vectors were normalized prior to computing the divergence in order to visually sharpen the location of down-and up-wellings).
[6] For each hotspot, we extracted the average magnitude of the shear traction divergence within 100 km of the hotspot location (Table 1 , umlm ud). 70% of the surface covered by this procedure hits portions of the lithosphere exhibiting positive values of divergence for A, 98% for C1, 83% for M1, 45% for C2 and 39% for M2 (Figure 2a ). The cumulative distribution of divergence is below the background distribution (for the entire Earth) for C1, M1 and A hotspots (Figure 2a ), which suggests that these catalogs are preferentially associated with mantle upwelling excited by internal sources, while C2 and M2 call for alternative explanations. The Kolmogorov-Smirnov test [Press et al., 1992] measures the chances that the observed difference between the distribution of divergence at hotspot locations and the background distribution might arise by random selection of the same number of independent spots from the global divergence distribution. For A, C1 and M1, we find that the chances that the correlation between positive divergence and hotspot locations could be randomly obtained is almost null (≪1%), while M2 and C2 appear less related to the divergence field ( Figure 3a) .
[7] Switching on and off (i) density heterogeneity in the upper or lower mantle (Figures 1b and 1c ) or (ii) the positive or negative density anomalies (i.e., active downwellings or upwellings) and combining the associated flow fields yield similarly good correlations for C1 and M1 as long as the upper mantle and upwellings are involved (Figures 2a, 2b, 2d, 2e, 3a, 3b, 3d , and 3e). The inclusion of flow driven from the lower mantle does not worsen the results significantly, nor does the inclusion of upper mantle downwellings. The match degrades when only the lower mantle (up-and downwellings) is active but remains fair (65%, 77% and 80% sample positive divergence for A, C1 and M1; 10-20% random chance, Figures 2g-2i and 3g-3i). It also remains good when downwellings only are involved (but better scores are found when up and downwellings contribute: 79%, 93% and 84% positive hits for A, C1 and M1, <12% random chance). In fact, better scores are obtained for models for which the range of distribution of magnitudes of the background horizontal divergence is large (see the narrowing of the background horizontal divergence from a to i in Figure 2 ). The mean divergence is higher for C1 than for any other list. Last, increasing the sampling radius around discrete locations of hotspots yields nearly equivalent results up to 500 km, and degrades at 1000 km, because sampling becomes almost random.
[8] Our results possibly support the analyses of Montelli et al. [2006] and Courtillot et al. [2003] , who assign a deep source for some hotspots. But our filter is coarser: Montelli et al. (up-and down-wellings) . Italic indicates hotspots whose deep mantle genesis is either inferred by Courtillot et al. [2003] or Montelli et al. [2006] , and is similarly confirmed by our analysis. 1, 2, and 3 in column Court. refer to the three classes of Courtillot et al. [2003] , and d, pd, mm and um in column Mont. refer to the inferred deep, potentially deep, mid mantle and upper mantle classes of Montelli et al. [2006] , respectively. Results are given as the mean value of the divergence within a search radius of 100 km about the hotspot location.
this study] find a deep genesis for Afar, Easter, Hawaii, Iceland, Louisville, Reunion and Samoa (Table 1) .Tristan and Caroline, not evaluated by Montelli et al. [2006] , could be added. Noteworthy hotspots, like Crozet, Galapagos or Tahiti, require the activation of the lower mantle to score well, while Easter or Iceland yield better results when upper mantle flow is excited. Mount Etna, Eifel or Yellowstone have been thought to owe their existence to the return flow of subducting slabs in the upper mantle [Faccenna et al., 2010] ; yet, our models show little or no positive divergence at their locations when downwellings in the upper mantle are excited. Some hotspots appear to be conveyed by a vigorous flow that samples high divergence for any combination. These include the hotspots that are associated with the African and Pacific superswells [e.g., Cazenave et al., 1989; Boschi et al., 2007] , for example East Africa, Hoggar, Afar, Kerguelen, Canary, Cape Verde, Louisville, Hawaii, Caroline or Cook. Interestingly, Iceland doesn't seem related to lower, but rather to upper mantle flow. Last, our models also exclude any connection to mantle flow for several hotspots, such as Ascension, Azores, Juan de Fuca, Yellowstone, and many other minor hotspots. This confirms that, although some hotspots are clearly conveyed by mantle flow, many others require alternative mechanisms.
Discussion and Conclusions
[9] The robust correlation between major hotspot locations and mantle flow patterns excludes several intraplate volcanism mechanisms that are unrelated to mantle flow as potential drivers of the major hotspots (C1 and M1, and some others, see Table 1 ). In particular, asteroid impacts [Jones et al., 2002] , cracks resulting from the far field tension within the lithosphere, or shear-driven melting [Conrad et al., 2011] should show a random relation to the divergence of the sublithospheric shear stress field. Similarly, small-scale convection [Ballmer et al., 2009] , lithospheric delamination, and edge-driven convection [King and Anderson, 1998 ] are driven by shallow mantle circulation that is excluded from our models, and thus should also show a random match with mantle flow. Ridge-transform interaction [Beutel, 2005] would likely show a coincidence with the curl of the stress field: we find (not shown) this metric to be uncorrelated to the location of hotspots. None of these shallow processes seem to control the major hotspots, but they may still cause some of the hotspots from the M 2 and C 2 lists, as well as some of the intraplate volcanism that is not part of the hotspot catalogs.
[10] The apparent dynamic causality between major hotspot volcanism and background mantle flow does not exclude indirect explanations that involve mantle flow. In particular, mantle flow may supply enough tensional stresses to crack the lithosphere where sub-lithospheric shear tractions diverge, which would not require deep sources of heat. However, hotspot volcanism does not systematically occur where large positive divergence is predicted (Figure 1 ), which indicates that this mechanism may only be viable where the lithosphere is weak enough or fractured prior to magma percolation; there is no evidence to believe so for all hotspots. Additionally, if traction-driven cracking were important, we would expect it to yield minor as well as major hotspots, depending and flow models, alternatively accounting for densities in the upper and lower mantle (um/lm), and alternatively accounting for upwellings and downwellings (u/d). Search radius is set to 100 km around the discrete locations of hotspots.
on the local strength of the lithosphere and the availability of melt beneath it. However, we find that only the major hotspots correlate strong with shear traction divergence, while the minor hotspots do not.
[11] The most straightforward interpretation -that the hot plumes themselves are driving the observed upwellings in the mantle flow model -is confounded by the fact that seismic tomography cannot illuminate the conduits that connect hotspots to the mantle. Thus, our results do not provide direct support for upwelling plume conduits beneath the major hotspots (C1 and M1). Instead, the preferential occurrence of major hotspots above regions of upper mantle upwelling suggests that background mantle flow may guide and convey hot plume material to the surface, as Jellinek et al. [2003] found in laboratory models. Alternatively, we cannot discount the possibility that downwellings in the upper mantle may disrupt plume conduits [Steinberger and O'Connell, 1998 ]. Accordingly, one might take the fact that flow driven by upper mantle heterogeneities correlates best with hotspot locations as evidence that plumes do not originate from the lower mantle. This interpretation is at odds with global [Courtillot et al., 2003; Montelli et al., 2006; Konter and Becker, 2012] , and local (Wolfe et al. [2009] , for Hawaii) studies, which suggest that at least some hotspots originate from deep sources. Instead, it possibly shows that hotspot conduits originating from the lower mantle are deviated en route to the surface [e.g., Tarduno et al., 2003] . In fact, the best prediction of major hotspot locations is obtained when the entire mantle is excited, including upwellings and downwellings.
